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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 and the COVID-19 pandemic have marked a milestone in the history of scientific research world-

COVID-19 wide. To ensure that treatments are successful in the mid-long term, it is crucial to characterize SARS-CoV-2

I?\’/[CII;'Pm mutations, as they might lead to viral resistance. Data from >5,700,000 SARS-CoV-2 genomes available at
-Pro

GISAID was used to report SARS-CoV-2 mutations. Given the pivotal role of its main protease (M-pro) in virus
replication, a detailed analysis of SARS-CoV-2 M-pro mutations was conducted, with particular attention to
mutation-resistant residues or mutation coldspots, defined as those residues that have mutated in five or fewer
genomes. 32 mutation coldspots were identified, most of which mediate interprotomer interactions or funneling
interaction networks from the substrate-binding site towards the dimerization surface and vice versa. Besides,
mutation coldspots were virtually conserved in all main proteases from other CoVs. Our results provide valuable
information about key residues to M-pro structure that could be useful in rational target-directed drug design and
establish a solid groundwork based on mutation analyses for the inhibition of M-pro dimerization, with a po-
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tential applicability to future coronavirus outbreaks.

1. Introduction

Coronaviruses (CoVs) are a large group of enveloped positive-sense
ssRNA viruses. Phylogenetically, they belong to the order Nidovirales
and family Coronaviridae. The group is made up of four genera: namely,
Alphacoronavirus (aCoV), Betacoronavirus (fCoV), Gammacoronavirus
(yCoV) and Deltacoronavirus (8CoV) [1]. Specifically, Severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) is clustered within
BCoVs. Prior to the outbreak of SARS-CoV-2, only six CoVs —two aCoV (i.
e., hCoV-229E and HKU-NL63) and four pCoVs (i.e., hCoV-OC43,
hCoV-HKU1, SARS-CoV and MERS-CoV)- could infect humans [2]. Of
these, only SARS-CoV and MERS-CoV caused severe lower respiratory
tract infections and extrapulmonary manifestations, which eventually
resulted in death, similar to those reported in COVID-19 [3,4]. Phylo-
genetic analyses have shown that SARS-CoV-2 is found in a sister clade
to the SARS-CoV and bat SARS-related-CoVs (SARSr-CoV) and the
closest known neighbor is the bat coronavirus RaTG13 with an overall
sequence identity of 96.2 % [5,6]. Interestingly, although closely
related, SARS-CoV-2 is clearly distinct to SARS-CoV and MERS-CoV with
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a genomic similarity of about 80 % and 50 %, respectively [7]. A more
detailed analysis at protein level shows that generally SARS-CoV-2 is
very similar to SARS-CoV, especially in terms of the important proteins
such as the main protease (96 % identity), the envelope protein (95 %
identity) or the nucleoprotein (94 % identity). Nonetheless, other pro-
teins such as the spike protein or the papain-like protease (PL-pro) are
less similar to their homologues in SARS-CoV with 76 % identity in both
cases [1,8].

SARS-CoV-2 has a very compact genome of about 29.9 kb in size,
encoding >9000 residues. The genetic makeup of SARS-CoV-2 contains
two flanking untranslated regions (UTRs) consisting of a 5’ cap structure
and a poly(A) 3" end, and 12 genes encoding 25 different proteins in
between. Other ORFs can be found within structural protein genes [1,9].
SARS-CoV-2 —and other CoVs, in general- present two overlapping ORFs
(ie., ORFla and ORF1b) encoding for two polyproteins, ppla and
pplab, respectively. Polyproteins require an autoproteolytic cleavage to
give rise to the 16 non-structural proteins that form the replicase/-
transcriptase complex. Two proteases within this non-structural protein
—namely, the main protease (M-pro) and the PL-pro- mediate this vital
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function. In fact, the M-pro is known to cleave no fewer than 11 peptidyl
bonds on the large polyprotein 1 ab including its own N-terminal and
C-terminal processing sites [10,11]. The SARS-CoV-2 M-pro, also known
as 3-chymotrypsin-like (3C-like) protease, is a 306-residue long protease
that is crucial for virus replication. M-pro is being intensively studied as
a pharmacological target against COVID-19 [12-15]. Moreover, no ho-
mologous proteins in humans are known, which makes the inhibition of
this target even more interesting [11]. Three domains can be identified
within the M-pro protein: domain I (residues 8-101), domain II (residues
102-184) and domain III (residues 201-303) [10,16]. The
substrate-binding site is located at a cleft between domains I and II.
Domain III has a globular structure composed of five helices that regu-
late dimerization, as M-pro is known to be catalytically inactive as a
monomer [11]. Thus, domain III is not directly involved in M-pro cat-
alytic activity, but it appears to be indispensable for M-pro function.
Dimerization is mediated by interactions between domain II of one
monomer and the N-terminal region (N-finger, residues 1-7) of the other
chain in a contact interface of ~1394 A2 [17]. The N-finger must
squeeze in between domains II and III of the monomer and domain III of
the opposing chain to reach an important residue, Glul166, which is
buried in the domain II/III interface. By doing this, the N-finger helps to
shape the substrate-binding site [11]. Four important subsites can be
identified within the substrate-binding site: S1, S1°, S2 and S3. M-pro
has a catalytic dyad made up of His41 and Cys145 located deep within
the substrate-binding site [16]. Cys145 is part of the oxyanion loop, an
S-shaped loop of domain II formed by residues from Gly138 to Gly146. A
water molecule, known as catalytic water (HyOcat), appears to play an
important role within the substrate-binding site, probably acting as the
missing residue of a canonical substrate-binding site typically found in
chymotrypsin-like proteases [16]. For instance, HyO.,t enables the
His41 to be correctly positioned through a complex H-bond network also
involving Asp187 and His164 [16,17].

The biological process of mutagenesis is a driving force for evolution.
Genetic diversity in a virus allows evolutionary pressures to select for
mutations responsible for greater viral fitness [18]. Selection can also
drive the emergence of mutations that allow the virus to escape vaccines
or antiviral drugs. Drug-resistant mutants may arise both in the presence
and absence of drug selection pressure [19,20]. Thus, SARS-CoV-2 has
co-evolved with its host and new variants have arisen [2,21]. Genomic
surveillance allows emerging variants to be monitored and presents the
basis for structural and functional characterization of mutations. Viral
mutation rates vary widely, especially due to the differences in the fi-
delity of the polymerases used in replication [22]. RNA viruses which
use RNA-dependent RNA-polymerases (RdRp) usually have higher mu-
tation rates, because RdRps are more prone to errors than
RNA-dependent DNA-polymerases [22]. Nonetheless, it is interesting
how CoVs have a unique feature: mutation rates are significantly lower
than those reported for other RNA viruses, presumably due to the 3"-to-5'
proofreading activity provided by nspl4 [23]. This may explain the
abnormally large genome observed in CoVs (from 27 to 32 kb),
compared to usual sSRNA(+) viral genomes. From a simplistic point of
view, it is generally assumed that larger genomes have higher mutation
rates. Thus, the proofreading activity of nsp14 might strike a balance
between mutations, which indeed favors viral fitness, and the correction
of some mutations, thus preventing viable virions from being out-
numbered by unviable virions which have acquired too many mutations
[23,24]. Viral mutations can also occur because of nucleic acid editing
by endogenous deaminases [18]. In mammalian species, the apolipo-
protein B mRNA editing enzyme, catalytic polypeptide-like (APOBEC)
family of deaminases target ssDNA and ssSRNA to deaminate cytosines
into uracils (C > U) [25], while the adenosine deaminases acting on RNA
(ADAR) family acts on dsRNA to deaminate adenines into inosines (A >
) [23,26]. Although some work has been done to monitor the evolution
of SARS-CoV-2, especially focusing on the residues that have mutated
the most, known as hotspots [21,23,27-39], little is known about the
biological reasons why some genomic regions or residues are conserved.
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Here, a mutational profile of SARS-CoV-2 was used to identify 32 mu-
tation coldspots in the M-pro of SARS-CoV-2. Coldspots, defined as
unmutated or less mutated residues, might correspond to important
residues of the protein in terms of structure and/or function. The
structural implications for most of the above mentioned coldspots, as
well as their conservation in the main proteases of other CoVs, are
discussed.

2. Materials and methods
2.1. Sequence retrieval

A total of 16,572,590 complete full-length SARS-CoV-2 genomic
sequences were downloaded from the GISAID database [40] on February
26, 2024. The quality of the sequences was guaranteed by applying the
following filters: (i) only sequences obtained from human samples, with
less than 150 mutations were considered (ii) partial sequences were
avoided by only considering sequences with a minimum length of 29,
000 bp, and (iii) only sequences labelled as “high coverage” were
considered (i.e., sequences containing: (a) less than 1 % of unidentified
bases (Ns), (b) less than 0.05 % of unique amino acid mutations, to
withdraw possible sequencing artefacts, and (c) no insertions and/or
deletions, unless verified by the submitter). For the 5,784,122 sequences
that passed the defined filters, mutations were identified relative to a
reference sequence using a multiple sequence alignment of all available
sequences in GISAID. The complete genome NC_045512.2, isolated from
Wuhan and submitted to the GenBank database on January 17, 2020,
was used as the reference. It is worth bearing in mind that there is a bias
in the genomes being analyzed, as the sequencing rates in different
countries vary greatly. For instance, more than half of the genomes
deposited were from the UK and the USA. Nonetheless, under no cir-
cumstances does this bias invalidate the results reported herein.

2.2. Mutation analysis and M-pro characterization

Mutation frequencies were calculated as the number of a specific
mutation in the total number of genomes. Mutations were classified as
synonymous mutations (i.e., mutations that do not affect the encoded
residue), missense mutations (i.e., mutations that cause an amino acid
substitution) and nonsense mutations (i.e., mutations that change the
codon to a stop codon). Multiple nucleotide substitutions occurring
concurrently in the same codon were considered as simultaneous mu-
tations. All the SARS-CoV-2 mutations analyzed can be found at the
SARS-CoV-2 Mutation Portal (http://sarscov2-mutation-portal.urv.cat/)
[21]. Mutation coldspots are defined as those residues that have mutated
in five or fewer genomes (considering only missense mutations. Syn-
onymous and nonsense mutations were not taken into account for this
definition). The value five is the first decile threshold of the distribution
of the number of times each residue in the M-pro protein has changed.

The average between both subunits of the difference between the
free energy of Ala-mutants (AGpytant) and that of the WT (AGwrt) (AAG
= AGnutant — AGwr), where AG is the Gibbs free energy of folding, were
estimated with FoldX v3.0 [41]. The ligand-free dimer structure corre-
sponding to the re-refined and rebuilt structure of the SARS-CoV-2
M-pro (PDB ID: 7ALI) from the PDB-REDO database [42] was used for
these calculations. All individual Ala-mutants of the amino acid posi-
tions defined here as coldspots were generated. To estimate AAG values,
the difference between AG of each mutant and that of the wild type was
calculated, averaging the results between the two subunits. We obtained
therefore a measure of the contribution to protein stability for the M-pro
amino acid positions defined as coldspots. Positive AAG values indicate
a less stable state when these amino acids are mutated to an alanine.

2.3. SARS-CoV-2 M-pro multiple alignment with other CoVs

To retrieve the sequence and structure of the main protease of
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different CoVs used in the multiple sequence alignment, structures with
at least 90 % sequence similarity with SARS-CoV-2 M-pro were obtained
from the Protein Data Bank. Structures corresponding to SARS-CoV-2
were not considered, apart from the PDBid 6WQF, which was used as
the SARS-CoV-2 structure and sequence reference. Then, sequences were
aligned with the R package msa v1.34.0 [43] using ClustalW with the
default settings as the alignment algorithm. The secondary structure
assigned by STRIDE [44] to the PDBid 6WQF was also added.

3. Results and discussion
3.1. SARS-CoV-2 M-pro mutations

From the analysis of 5,784,122 SARS-CoV-2 genomes available as of
February 26, 2024, a total of 2,773,472 mutations were identified
within the M-pro gene. These mutations encompassed 1,605,141 syn-
onymous mutations, 1,168,176 missense mutations and 155 nonsense
mutations. On average, this corresponds to approximately 0.48 muta-
tions per genome. Remarkably, 88.9 % of all analyzed genomes
exhibited either no mutations or only one mutation within the M-pro
gene (Table S1). At the beginning of the pandemic, the majority of SARS-
CoV-2 genomes lacked any mutations in the M-pro gene. However, as
expected, the number of mutations within this gene increased over the
course of the pandemic, particularly after January 2022, when the
omicron variant emerged (Fig. S1). Many of the M-pro mutations were
repeatedly observed in multiple SARS-CoV-2 genomes. Consequently,
the total count of distinct mutations found in the M-pro gene was 2297,
comprising 1667 missense mutations, 576 synonymous mutations and
54 nonsense mutations (Table S2). Single nucleotide substitutions (SNS)
were considerably more frequent than double or triple mutations within
a codon (Table S2). Additionally, the third position of the codon
exhibited the highest frequency of mutations, followed by the first and
the second positions (Table S2). Regarding the SNS types, U > C tran-
sitions were the most prevalent, accounting for 13.6 % of all SNS, but
transversions outnumbered transitions (59.3 % vs 40.7 %, respectively)
(Table S2). By dividing the total number of M-pro distinct mutations by
the length of the gene, we calculated a mutation rate of approximately
2.5 substitutions per nucleotide. This means that, on average, 2.5
distinct substitutions have been identified for each nucleotide of the M-
pro gene. However, compared to other SARS-CoV-2 regions, the M-pro
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gene has a lower mutation rate [21,32,45,46]. Residue substitutions
were widely distributed across the different domains of the M-pro pro-
tein [47]. The substrate-binding site had a greater number of unique
substitutions per residue compared to other domains of the protein
(Fig. 1), indicating that this domain has a certain tolerance to mutations.
Notably, one of the most conserved region within M-pro was domain II
(Fig. 1). This region is one of the most important domains in M-pro
dimerization and mediates crucial interactions of the dimer interface.
The most frequent M-pro mutations were the missense substitution
C10449A (P132H at protein level) and the synonymous substitutions
G10447A and C10198U (Fig. 2). But none of the three substitutions had
a frequency greater than 10 %. The P132H substitution is prevalent in all
Omicron subvariants and has been proposed not to alter the enzymatic
activity or inhibitor binding. However, it may increase protein flexibility
by reducing thermal stability and could expand substrate specificity or
alter peptide binding [34]. The next most frequent mutations (with a
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Fig. 2. Mutational profile of the SARS-CoV-2 M-pro gene. The 2297 nucleotide
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frequency of about 2 %) in the M-pro gene were the missense mutations
A10323G (K90R at protein level) and C10319U (L89F at protein level)
(Fig. 2). Mutation A10323G, which results in a Lys to Arg change in
residue 90, appeared early during the pandemic, in January 2020, and
defines a major clade in SARS-CoV-2 phylogeny according to analyses
carried out by the open-source project NextStrain [48]. In fact, this
mutation is a defining mutation of the well-known beta variant, desig-
nated 20H or B.1.351 [49]. On a protein level, this substitution has been
reported to increase the structural stability of the polyprotein pplab
[50]. The C10319U mutation, which changes Leu89 to Phe, also arose
early in the pandemic (January 2020) and it is a recurrent mutation, i.e.,
that appears multiple times independently and is present in several

Table 1
SARS-CoV-2 M-pro mutation coldspots.
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SARS-CoV-2 lineages [31]. The activity of the L89F mutant has been
reported to be comparable to the wild-type protein [51]. Given that
Leu89 is a buried residue of domain I, changing it to a bulkier hydro-
phobic residue, such as Phe, may allow for stronger hydrophobic in-
teractions with surrounding residues (e.g., Val20, Cys38, Leu87) and
increase domain I stability. None of the most prevalent M-pro missense
substitutions found in this manuscript, such as P132H, K90R and L89F,
change significantly the enzymatic activity of M-pro and the efficacy of
the specific M-pro inhibitor nirmaltrelvir is not compromised [51].

Residue  Missense Nucleotide mutations® Times Average FRET FoldX Average Putative function of the residue
mutations found Activity” AAG® Kcal/mol
Gly2 G2C G2A G10058U G10059C 11 0.85 5.24 Participates in dimer structure
Asn28 N28I A10137U 2 - 0.1 Essential for enzymatic activity
Phe31 W31R W31L W31F U10145C G10146U G10146U_G10147U 2111 0.20 4.92 Unknown
W31C G10147U
Cys44 C44S C44L C44F U10184A U10184C_G10185U G10185U 111 0.74 0.53 Forms a SONOS bridge, important for
structural stability under oxidative stress
conditions
Tyr54 - - - 0.42 4.30 Forms the S2 subsite. Essential for enzymatic
activity. Participates in substrate binding
Asn63 N63D N63T N63S A10241G A10242C A10242G 111 0.99 -0.30 Unknown
Phe66 F66V F66L F66L U10250G U10250C C10252A 113 0.46 5.69 Unknown
Gly79 G79R G79T G79E G10289A G10289A_G10290C G10290A 1121 0.94 0.11 Unknown
G79VvV G10290U
Leull5 L115V U10397G 3 0.07 4.58 Essential for enzymatic activity
Tyrll8 Y118H Y118C U10406C A10407G 13 0.28 291 Important for enzymatic activity
Tyrl126 Y126H Y126D U10430C U10430G A10431G A10431C 1121 0.64 6 Form the substrate-binding site
Y126C Y1265
Ser139 S139A U10469G 3 0.85 —-0.32 Participates in dimer structure
Phel40  F140L F140L U10472C C10474A 22 0.31 4.79 Forms the S1 subsite and participates in
dimer structure and substrate binding
Glyl46  G146S G146C G10490A G10490U G10491U 112 0.003 8.99 Essential for enzymatic activity. Impotant for
G146V protein structure stability
Ser147 S147G S1471 A10493G G10494U U10495G U10495A 2111 0.05 0.05 Essential for enzymatic activity. Important in
S147R S147R dimer structure formation
Gly149 G149S G149C G10499A G10499U G10500U 111 0.09 2.81 Essential for enzymatic activity
G149V
Phel50  F150Y F150C U10503A U10503G U10504A 111 0.1 4.63 Essential for enzymatic activity. Important to
F150L form the binding site
Tyrl61 Y161D Y161H U10535G U10535C U10535A A10536G 1111 0.33 4.77 Interacts with His163
Y161N Y161C
His163 H163L A10542U 1 0.01 1.60 Essential for enzymatic activity. Participates
in substrate binding
His164 H164N H164P C10544A A10545C 31 0.63 2.11 Forms the S1 subsite, interacts with HyOcar
and participates in substrate binding
Leul67  L167IL167F U10553A A10555C 12 0.21 2.51 Forms the S4 subsite and participates in
substrate binding
His172 H172Y C10568U 5 0.26 2.28 Forms the S1 subsite and participates in
dimer structure and substrate binding
Gly174 G174V G10575U 1 0.002 8.11 Essential for enzymatic activity. Impotant for
protein structure stability
Aspl76  D176N D176V G10580A A10581U_C10582U C10582A 211 0.33 4.29 Unknown
D176E
Gly179 G179S G179C G10589A G10589U G10590C 221 —0.004 9.99 Essential for enzymatic activity. Important
G179A for protein structure stability
Tyrl82 - - - 0.23 5.07 Important for enzymatic activity
Trp207 W207R W207L U10673C G10674U G10675U 1112 0.51 3.36 Participates in dimer structure
W207C W207C
Asn231  N231D N231G A10745G A10745G_A10746G_C10747U 1111 0.94 0.75 Unknown
N231T N2311 A10746C A10746U
Glu290 E290K E290D G10922A A10924U 11 0.005 2.93 Participates in dimer structure
Phe291 F291Y F291L U10926A U10927G 21 0.78 2.56 Participates in dimer structure
GIn299 Q299T Q299L C10949A_A10950C A10950U 12 0.38 1.37 Participates in dimer structure
GIn306  Q306R A10971G 1 1.00 0 Formation of an M-pro cleavage site.

@ Mutations found together in the same codon are separated by _.

b Average FRET normalized scores from the mutational scan of the M-pro that analyzed the function of all possible single amino acid changes. Scores are normalized
with the wild-type (WT) M-pro activity set to 1 and the activity of the M-pro containing a stop codon in this position set to 0 (data from Ref. [39]).
¢ AAG are the average between both subunits of the difference between the free energy of Ala-mutants (AGpyueane) and that of the WT (AGwr) (AAG = AGputant —

AGwr), calculated with FoldX.
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3.2. M-pro mutation coldspots

Mutation coldspots (i.e., residues ranked in the first decile with less
missense mutations annotated) may be important, at a structural and
functional level, residues for a protein. Therefore, identifying them
could be useful for defining putative binding sites for antivirals. To this
end, given the key role of M-pro in SARS-CoV-2 replication, it might be
interesting to define mutation coldspots in this target. Table 1 lists the
32 M-pro coldspots found in the present study. The residues that do not
match the criteria to be categorised as coldspots, but have missense
mutations found in total between six and eleven times are here consid-
ered conserved residues (Table S3). We expected that the two catalytic
residues (i.e., His41 and Cys145) were among the most conserved resi-
dues regarding missense mutations. Mutations in theses two residues
have been documented, but at very low frequency. We found Cys145
among the conserved residues, with four missense mutations present in a
total of seven genomes (Table S3 and Table S4). For His41, we found six
missense mutations in a total of 156 genomes (Table S5). However, 147
of them were H41Q mutations found between April and May 2022 in the
same region and submitted by the same laboratory (Table S5). His41 and
Cys145 mutations are highly unlikely to be present in clinical isolates
[47], because altering these residues inactivates the M-pro and would
completely compromise viral replication [52-55]. Missense mutations
in His41 and Cys145 could be considered therefore a sequencing arte-
fact. In fact, as reported by Jacot et al. [56] few laboratories reported
quality criteria of sequences before they were submitted to public da-
tabases. Therefore, it is likely that low-frequency variants might be the
result of sequencing artefacts, cross contamination between samples or
the presence of distinct SARS-CoV-2 genomes in the sample. However, it
has been described that at least the mutant C145S generates an active
but much slower version of M-pro [57].

Table 1 also shows the average FRET normalized scores derived from
the mutational scan of the M-pro, which analyzed the impact of all
possible single amino acid substitutions into the enzymatic activity of
the protein [34]. FRET scores were normalized with the wild-type (WT)
M-pro activity set to 1, and the activity of the M-pro containing a stop
codon in this position was set to 0 [34]. Mutations at coldspots and
conserved residues generally exhibit lower average FRET scores than the
rest of M-pro residues (Fig. S2 and Fig. S3). In fact, 23 out of the 32
coldspots have a FRET normalized score lower than 0.7 (Table 1),
meaning that the average of all possible mutations in these positions
reduce the enzymatic activity of the SARS-CoV-2 M-pro. Notably, the
coldspots residues Leull5, Gly146, Ser147, Gly149, Phel50, His163,
Gly174, Gly179, and Glu290 are indispensable for M-pro activity, as any
mutation of these amino acids drastically reduces the M-pro enzymatic
activity (Table 1) [34]. While functional importance usually predicts
accurately evolutionary conservation, conservation does not always
predict functional significance. Some residues are strongly conserved
but can be mutated without a significant impact on function [34]. An
example of this is the conservation of the last residue of the M-pro, the
coldspot GIn306, which is part of the M-pro cleavage site itself. Muta-
tions in this amino acid do not significantly affect the protein’s activity
(Table 1), but they may prevent the ability of M-pro to self-cleave.

Table 1 also shows the average AAG values, i.e., the difference be-
tween the Gibbs free energy of folding of Ala-mutants (AGpytant) and
that of the WT (AGwr), calculated with FoldX. These values represent
the contribution of residues defined as coldspots to the protein structure
stability. Positive AAG values imply a less stable state when these amino
acid are mutated to alanine. Most coldspots have positive AAG values
(Table 1), demonstrating that a mutation of these residues to alanine
destabilizes the protein structure. Notably, the contributions of Gly146,
Gly174, and Gly179 are significant, with AAG values exceeding 8 kcal/
mol. Although the results regarding amino acid conservation and the
effect of their mutation on protein stability are generally consistent,
GIn306 does not influence protein stability (Table 1). Its conservation is
attributed to the formation of an M-pro cleavage site.
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Among the M-pro coldspots there are some of the residues, such as
Tyr54, Phel40, His163, His164, Leul67 and His172 (Table 1), that
directly bind one of M-pro’s natural substrates or inhibitors [13,53,54].
Mutations in most of these residues confer resistance to nirmatrelvir, a
specific antiviral drug that target the SARS-CoV-2 M-pro [35,39,58].
However, other substrate-binding or inhibitor-binding residues, such as
Thr25, Thr26, Leu27, Met49, Leul41, Asn142, Gly143, Ser144, Met165,
Glul66, Pro168, Asp187, Argl188, GIn189, Thr190 and GIn192, are not
found among the M-pro coldspots, showing that the M-pro substrate
binding domain has a certain tolerance to mutations. Surprisingly, the
majority of the coldspots are not located at the substrate-binding site
(Fig. 3A), but rather they mediate interactions related to dimerization of
the main protease.

To further investigate the biological importance of M-pro mutation
coldspots, we decided to assess the conservation of M-pro in different
CoVs (Fig. 4). To this end, a multiple sequence alignment was per-
formed. M-pro is a highly conserved protein among various CoVs, with
conserved clusters, such as the N-terminal domain and domain II (which
contains 18 out of the 32 mutation coldspots), some residues belonging
to the substrate-binding site and the catalytic His41 and Cys145 (Fig. 4).
The most variable regions include the second part of domain I and the
first part of domain III. Virtually all mutation coldspots (28 out of 32)
were conserved in at least 50 % of the sequences considered and 22 out
of 32 were totally conserved in all CoVs analyzed (Fig. 4), highlighting
again the importance of these residues.

More than four years of mutations might be enough for the virus to
accumulate some key mutations, but also to maintain residues which are
important for its replication machinery. Krishnamoorty and Fakhro [59]
published a study of M-pro residues with no reported mutations. How-
ever, their work had some limitations: the data was downloaded in early
November 2020, and it contained only 19,154 genomes with mutations
in the M-pro. Here, given the increase in the sequencing rate in
mid-November 2020 we decided to further investigate the role of these
presumably crucial M-pro residues. It is worth mentioning that some of
the knowledge presented comes from previous studies using the
SARS-CoV M-pro but, given the high identity and structural similarity
between it and the SARS-CoV-2 M-pro, many of the results may be
extrapolated. Fig. 3A and Table 1 show the 32 mutation coldspots
identified in the SARS-CoV-2 M-pro in the present study. Only residues
mediating known key interactions and/or those for which experimental
results have been reported will be discussed below.

3.2.1. Residues from the N-finger and their interaction networks

The first amino acid of the M-pro, a serine, is part of its own cleavage
site, defined as a glutamine at the P1 position and a small amino acid
(such as Ser, Ala, or Gly) at the P1’ position. However, Serl is not
classified as a mutation coldspot due to 305 observed missense muta-
tions transforming serine into glutamine. Nonetheless, the presence of
glycine at position 2 probably allows the resultant QG sequence to be
recognized and cleaved by Mpro, serving as a putative functional
cleavage site. In addition to its role as a cleavage site, Serl also holds
structural importance. Serl from one protomer is involved in shaping
the substrate-binding site of the other protomer, primarily via a well-
known salt bridge between its N-terminal amino group and the side
chain of Glul66, and an intermolecular H-bond with the backbone
carbonyl of Phe140, both from the other protomer (Fig. 3B) [12,60].
Here, Phel40 is identified as a mutation coldspot (Table 1), while
Glul66 is a conserved residue because it has three different missense
mutations found in seven cases in total (Table S3). This agrees with
mutational scans that have been found that Phel40 is intolerant to
mutations [54] and Glul66 is tolerant to some of them [53,54] (Fig. S2).
However, the role of Glul66 has been reported to be crucial because it
mediates an important connection of the substrate-binding site with the
dimer interface [60,61]. In fact, mutations of Glul66, in an R298A
mutant, block substrate-induced dimerization of M-pro in vitro and re-
sults in a complete loss of enzymatic activity [61]. In the majority of
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Fig. 3. Structural implications and non-covalent interactions of SARS-CoV-2 M-pro mutation coldspots. Main panel (A) shows the distribution of mutation coldspots
in the M-pro dimeric structure. One protomer is green and the other is ocher. Accessory panels (B-F) show details of interactions between coldspots and/or other
important residues. Interactions are depicted as discontinuous lines and colored according to the type of interaction: H-bond (dark gray), salt bridge (yellow), n-n
stacking (red), aromatic H-bond (green). (B) Dimer interface interactions of the mutation coldspots Gly2, Phe140, His163 and His172, and the conserved residue
Glul66. (C) Interaction network between Arg4 from one protomer and Glu290 and Lys137 from the other protomer. (D) Interactions of mutation coldspots Asn28 and
Tyr118. (E) Interactions of mutation coldspots Ser139 and Ser147 and Ser144, near the substrate-binding site. (F) Interaction network between the mutation coldspot

Tyr182 and neighboring residues.

crystal structures of SARS-CoV-2 M-pro, Glul66 also forms a hydrogen
bond with His172 (Fig. 3B) [62]. Our definition of His172 as a mutation
coldspot agrees with experimental results that show that M-pro is highly
sensitive to changes in this residue [53,54] (Table 1). The substitution
H172Y has been described to have a similar [63] or reduced [36] ac-
tivity to that of the WT enzyme. But interestingly, this mutation causes
the largest reduction in the inhibitory activity, with a 233-fold increase
in the Ki value, of the M-pro inhibitor nirmatrelvir [64], and must be
closely monitored among circulating SARS-CoV-2 viruses [36].
Residues near the substrate-binding site which are also involved in
dimerization, such as Phel40 and Gly2, might be the link between
dimerization and catalysis [65]. Thus, mutations of these residues
collapse the substrate-binding site so that the enzyme is unable to
perform catalysis. Correct positioning of Phel40 plays a pivotal role in
the hydrophobic pocket formed with Tyr126 [66], identified here as a
mutation coldspot (Table 1). The F140A mutation results in a dimeric
M-pro conformation with a completely collapsed substrate-binding site
[67] and a proteolytic activity of less than 1 % of the wild type [68]. The
absence of a hydrogen bond interaction between Phel40 from one
protomer and Serl from the other protomer produces a marginally
active state of the main protease by destabilizing the oxyanion loop
[69]. Gly2, a mutation coldspot (Table 1), is involved in an important
interaction, linking the known allosteric coupling between domain III
and the oxyanion loop [69]. Gly2 takes part in an interprotomer
hydrogen bond with Asn214 (Fig. 3B). The absence of this interaction
opens the dimer interface in the domain III of each protomer [69]. Note
that Asn214 is not a mutation coldspot but only 25 missense mutations
were found in more than 5,700,000 SARS-CoV-2 genomes analyzed,
supporting the functional relevance of the Gly2-Asn214 interaction.
Another residue from the N-finger that participates in dimerizarion is
Phe3. The aromatic side chain of this residue is encapsulated in the
hydrophobic pocket composed of side chains of Trp207, Ala210, Phe291

and Val296 [54,67]. Phe3 is not a mutational coldspot because the
M-pro enzymatic activity is preserved when this residue is mutated to
other hydrophobic residues [54]. Trp207 and Phe291 are mutation
coldspots (Table 1), corroborating the structural role of these residues.

One well-known interaction of the dimer interface involves a salt
bridge between the side chains of Arg4 and Glu290, each from a
different protomer (Fig. 3C) [11,70]. This interaction is critical for
SARS-CoV-2 M-pro function [71]. Glu290 is a mutation coldspot and
mutations in this residue have a dramatic effects on the M-pro activity
and dimerization [53,70-73] (Table 1). Truncation of residues 1-4 of
the N-terminus of SARS-CoV M-pro resulted in the inability to dimerize
and poor catalytic activity [74]. Interestingly, truncation of only the first
three residues had only a limited effect on the protease. The M-pro
truncated at these residues retained 76 % of the wild-type enzyme ac-
tivity, reinforcing the idea that Arg4 is indeed an important residue
within the N-terminal region [74]. However, Arg4 mutations are better
tolerated than Glu290 mutations, and Arg4 is not a mutation coldspot.
The R4A mutation causes a five-fold decrease in M-pro dimerization, but
a moderate effect on the catalytic efficiency [72,73]. In addition, Arg4
also interacts with the backbone carbonyl oxygen of Lys137 of the
oxyanion loop (Fig. 3C) [71]. The most common missense mutation of
Arg4 (found 700 times) changes the Arg to a Lys, which may not affect
the interactions of this residue with Glu290 and Lys137. In fact, the
substitution to a lysine could induce tighter packing of the M-pro dimer,
due to effect of the smaller residue, and therefore the R4K mutation
increases the M-pro activity [53]. The destabilization of the Arg4/-
Glu290 interaction has been suggested as a new strategy to design
anti-SARS-CoV-2 compounds targeting the dimer interface [71]. How-
ever, recent studies have shown that disrupting only the Arg4/Glu290
salt bridge is insufficient to inhibit the formation of the SARS-CoV-2
M-pro dimer [75].
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Fig. 4. Multiple sequence alignment of SARS-CoV-2 and other CoV M-pros. Each sequence of the multiple sequence alignment (MSA) is identified with the PDBid of a
CoV main protease structure, the name of the virus and the identity percentage calculated by pairwise alignment between each sequence and the SARS-CoV-2 M-pro
(in brackets). The secondary structure is displayed at the top of the MSA, along with the degree of conservation represented by a bar plot. Mutation coldspots are
labelled using orange down-facing triangles. Totally conserved residues in all sequences are highlighted in black, whereas residues conserved in at least 50 % of
sequences are highlighted in gray. A red asterisk also indicates totally conserved residues. Residues from the catalytic dyad are highlighted using a red rectangle. A
sequence logo is displayed at the bottom and residues. Abbreviations: a, alpha helix; B, beta strand; 310, 310 helix; hCoV, human CoV; TGEV, Transmissible
gastroenteritis virus; FIPV, Feline infectious peritonitis virus; PEDV, Porcine epidemic diarrhea virus.

3.2.2. Interaction networks of the substrate-binding site and its vicinity
Asn28, another mutation coldspot (Table 1), mediates key in-
teractions within the M-pro structure, including two interactions with
the backbone carbonyl of the catalytic residue Cys145 (Fig. 3D) [76]. In
fact, mutation of Asn28 results in complete loss of enzymatic activity

—probably due to its role in correct positioning of Cys145- and a dra-
matic increase (i.e., roughly 20-fold) in the dissociation constant [66].
Specifically, the mutation N28A rotates the catalytic Cys145 side chain
180° to form a novel disulfide bond with Cys117 and affects the struc-
ture of the loop formed by residues 139-141 [66]. Asn28 is a good
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example of a long-range interacting residue within M-pro. Mutation of
this residue to Ala affects dimerization, even though this residue is
located ~11 A from any residue of the other protomer [66]. Kidera et al.
[69], suggested that a hydrogen bond between Asn28 and the backbone
carbonyl of Gly143 —which is not a mutation coldspot, but is a conserved
residue (Table S3) extremely sensitive to mutations [53] — regulates the
formation of the oxyanion hole in SARS-CoV-2 M-pro. In fact, both
Gly143-Asn28 and Cys145-Asn28 hydrogen bonds are required in the
correct arrangement of NH groups from residues 143 and 145 to
correctly form the oxyanion hole [69]. The formation of the hydrogen
bond between Asn28 and Gly143 is indeed a marker of the state of the
protease: when the hydrogen bond is present the active state occurs, and
it turns out to be collapsed when it disappears [69]. Kidera et al. [69]
have also identified an hydrogen bond between the side chain of Tyr118
—-a mutation coldspot (Table 1)- and the backbone amide of Leul4l
(Fig. 3D) as a typical feature of active unbound conformations of the
M-pro which can be barely found in the inactive state. Therefore, most
mutations of Tyr118 affect the M-pro activity [53]. Bacha et al. [77]
identified a cluster of three conserved serine residues in the main pro-
teases of different CoVs: Ser139, Ser144 and Ser147. These residues are
important in binding site shaping and orientation of the ligand. Muta-
tion in any of these three residues has a significant impact on enzymatic
activity [76]. In this analysis, we found that Ser139 and Ser147 are
mutation coldspots (Table 1). Regarding Ser144, we have identified a
total of three distinct missense mutations, namely S144A, S144L and
S144E, each occurring at low frequencies (all of them 17 times). The
backbone carbonyl of Ser139 interacts with the side chain of Tyr126
(Fig. 3E), another mutation coldspot (Table 1) [69]. In addition, the side
chain of Ser139 forms an interprotomer hydrogen bond with the side
chain of GIn299 (Fig. 3C), a mutation coldspot (Table 1) [17,70,71].
Mutations in GIn299 are sufficient to disrupt SARS-CoV M-pro dimer-
ization [73] and increase the dissociation constant of the wild-type
M-pro up to 4000-fold [78]. More recently, it was reported that only
residual activity of the SARS-CoV-2 M-pro was observed when GIln299
was mutated to either Ala or Asn [71]. The S139A mutation in the M-pro
of SARS-CoV disrupts the dimerization interface, weakening the
dimerization constant by about 10-fold [76]. However, it does not
interfere directly in the catalytic activity of the enzyme [76]. The
backbone carbonyl of Ser144 interacts with the backbone amide of
Ser147 (Fig. 3E) [76]. However, the S144A mutation in the SARS-CoV
M-pro leads to a more structurally stable enzyme [76]. Perhaps for
this reason, we have not observed Ser144 as a mutation coldspot. Con-
cerning Ser147, it is a residue which is buried between domains I and II,
just behind the binding pocket and it is located far away (~9 A) from the
dimer interface [76]. Its backbone carbonyl interacts with the back-
bones of Ser144 and His163 (Fig. 3E) [76]. The S147A mutation de-
creases about 150-fold the enzymatic activity of SARS-CoV M-pro [76].
However, mutations at Ser147 disrupt also dimerization [53], suggest-
ing a long-cooperative interaction network between the dimer interface
and the substrate-binding site [53,76].

His163 and His164 are substrate-binding site residues that are mu-
tation coldspots (Table 1). In silico mutagenesis of His163 showed
reduced affinity for ligands in molecular dynamics simulations, sug-
gesting that it plays a prominent role in ligand binding [79]. His163
interacts via n-n stacking with Phe140 [54] (Fig. 3B and D) and forms a
hydrogen bond with the side-chain hydroxyl of Tyrl61l [60,63,67].
Phel40 and Tyr161 are mutation coldspot (Table 1) and both residues
show low mutation tolerance [53,54,63]. Given its importance in ligand
binding as well as its conservation, His163 is a noteworthy residue in the
design of M-pro inhibitors [80]. The substitution H163A shows an
inactive oxidized conformation of the M-pro, with the catalytic cysteine
forming a disulfide bond with Cys117 [81], that is also seen in the
crystal structure of the N28A mutant in the SARS-CoV M-pro [66].
His164 is a residue intolerant to mutations [54] that interacts with
H30cat, and it is conserved among CoVs (Fig. 4). The H164L mutation
was found to have a mild effect on protein stability, but with a
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destabilizing effect [82]. The same in silico M-pro protein stability
analysis showed that the L167S mutation results in a significant protein
instability [82]. Here, we report that Leul67 is a mutation coldspot
(Table 1). The L167F substitution decreases M-pro activity to around 20
% of that of the wild type [83,84], but also confers resistance to the
M-pro inhibitor nirmatrelvir [58,83]. Gaining resistance at the expense
of decreased enzymatic activity is a common mechanism among nir-
matrelvir resistance mutations [58]. Although Leul67 is not directly
involved in nirmatrelvir binding, the presence of a bulkier side chain,
such as Phe, can cause a distortion of the binding pocket, resulting in a
decrease of the van der Waals forces between the M-pro and its inhibitor
[83]. Two other residues situated in the vicinity of the substrate-binding
site are also mutation coldspots: Cys44 and Phel50 (Table 1). On one
hand, Cys44 is part of a flexible loop composed of residues 44-52, which
potentially regulates the access to the active site [85]. Mutations of the
residues of this loop could notably change M-pro binding properties to
inhibitors [85]. Cys44 may form a post-translational cross-link with
Cys22 and Lys61, called SONOS bridge, that serves potentially as a redox
switch to regulate the M-pro catalytic activity under oxidative stress
conditions [86,87]. Cys22 is a conserved residue (Table S3) and the
conservation of both cysteine residues (Cys44 and Cys22) may indicate
their structural stability role under oxidative stress conditions. On the
other hand, Phel50 is a critical residue involved in binding site shaping
[81] and this residue exhibits low mutation tolerance (Table 1) [53].
Mutating this residue to larger or more polar ones causes a reduction in
the M-pro activity [54]. Other residues that perform an indispensable
function during the catalytic process in SARS-CoV M-pro are Arg40 and
Tyr54 [88]. Tyr54 is defined here as a mutation coldspot and is one of
the two M-pro residues for which no missense mutations have been
observed (Table 1). Arg40 is defined as a conserved residue with five
missense mutations, found eleven times in total (Table S3). Arg40 forms
a salt bridge with Asp187 [53,54] (Fig. 3E) and exhibits low mutation
tolerance [53]. Mutations Y54A and Y54C have been associated with
resistance to the M-pro inhibitors nirmatrelvir and ensitrelvir [35,84].
The substitution of Tyr54 with a smaller residue, such as Cys, breaks a
strong hydrogen bond with nirmatrelvir, frees up space in the M-pro
binding pocket and may lead to a restructuring of the catalytic site,
thereby indirectly affecting inhibitor binding [84].

3.2.3. Residues of the C-terminal domain

Tyr182, located in the M-pro C-terminal domain, is a residue defined
here as a mutation coldspot and, along with Tyr54, is one of the two
residues where no missense mutations have been observed (Table 1).
Despite the lack of information about the role of this residue, its inter-
action with Phel85 (Fig. 3F), a conserved residue (Table S3), may
contribute to shaping the binding site by correctly positioning the
flexible loop Phe185-Thr201, which has been demonstrated to be crucial
for SARS-CoV M-pro activity [89]. The side chain of Tyr182 also in-
teracts with Cys160, which in turn interacts with Glyl49 (Fig. 3F),
defined here as a mutation coldspot (Table 1). Glyl49 is one of the
residues with low mutation tolerance in the M-pro protein and is located
in a highly conserved region across other CoVs [53]. The strict conser-
vation of Tyr182 may be attributed to its interactions with the residues
mentioned earlier, which could be crucial for the protein’s activity. The
last residue of the M-pro, the GIn306 residue, is also a mutation cold-
spot, which has only undergone one missense mutation, found in only
one genome (Table 1). This is expected due to the importance of this
residue, which serves as a cleavage site recognized by M-pro itself to
process the polyproteins ppla and pplab into several functional
proteins.

3.2.4. Mutation coldspots are widely conserved in different CoVs
Twenty-two out of 32 SARS-CoV-2 M-pro mutation coldspots defined
in this manuscript are totally conserved in other CoVs, and 28 out of 32
are very conserved (Fig. 4). Note that mutation coldspots Asn63,
Tyr126, His164 and Phel50 are different from the prevailing residue at
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this position in the multiple sequence alignment, but are conserved in
SARS-CoV and SARS-CoV-2 (Fig. 4). Interestingly, the coldspot Asn63 is
only found in SARS-CoV, MERS-CoV and Bat CoV HKU4 M-pro (Fig. 4).
Since this residue is located in the outer and more distal part of domain I
in the M-pro structure, a clear function cannot be inferred. Most muta-
tions of this residue do not affect the M-pro enzymatic activity (Table 1).
Although this conservation may just be due to chance, a highly
conserved residue after four years of evolution must have an important
function, as is the case with most coldspots. This also applies to Phel50
(Tyr in all other CoVs apart from SARS-CoV and SARS-CoV-2). Phel50
exhibits a low mutation tolerance (Table 1), but the substitution of this
residue to another aromatic residue, Tyr or Trp, even increases M-pro
activity [53]. Of special interest is Leu286. 1286L is one of the 12 sub-
stitutions found between the M-pro of SARS-CoV and SARS-CoV-2. This
residue is highly variable in the aligned sequences of other CoVs (Fig. 4),
suggesting a systematic mutation pattern at this position. Even though
Leu286 is not a mutation coldspot, it is a conserved residue (i.e., there
are two different missense mutations annotated in this residue found
only in six SARS-CoV-2 genomes) (Table S3). That might indicate that
this residue was specifically and evolutionally selected to induce tighter
packing of the M-pro dimer, and it is thereby well-conserved in
SARS-CoV-2 M-pro. Among the conserved residues in almost all CoVs
there is a conserved GSCGSxG motif (residues 143-149 of the reference
SARS-CoV-2 M-pro sequence, see Fig. 4), which was identified as
important for initiating catalysis in SARS-CoV and MERS-CoV [88].
Three residues of this motif (i.e., Glyl46, Ser147 and Gly149) are mu-
tation coldspots (Table 1). Interestingly, mutation of Gly146 to Pro
showed a significant decline in bioactivity in SARS-CoV M-pro, indi-
cating the irreplaceability of this glycine residue in this motif [88].
Mutations in this residue reduce M-pro enzymatic activity and this res-
idue is one of the key contributors to protein structure stability
(Table 1).

4. Conclusion

The present study paves the way for further studies on SARS-CoV-2
genomic analyses. A total of 32 mutation coldspots were defined for
the SARS-CoV-2 M-pro. It has been shown that some residues that are
not apparently important, enable interactions that end up having a
pivotal role. This is supported by the conservation analysis, which re-
veals that critical residues within the M-pro structure (i.e., mutation
coldspots) have a significant structural role rather than belonging
strictly to the substrate-binding site. Most of the mutation coldspots
defined mainly mediate interprotomer interactions or funneling inter-
action networks from the substrate-binding site towards the dimeriza-
tion surface and vice versa. This new paradigm discussed here suggests
that inhibition of the M-pro dimerization could be an interesting alter-
native to classical substrate-binding site inhibition approaches [75].
Goyal and Goyal [90] addressed this issue in a review article stating that
inhibition of dimerization with peptide-based inhibitors could be a
better therapeutic strategy than small molecules. Thus, it has been found
that several compounds or peptides can bind to the dimer interface and
inhibit SARS-CoV-2 M-pro [91-94] and a novel SARS-CoV-2 M-pro
dimer-based screening system has been developed [95]. It is worth
highlighting that residues, such as Glu290, which were stated as inter-
esting targets for M-pro dimerization inhibition are among the herein
defined mutation coldspots. Even though the bulk of work still focuses
on the inhibition of the M-pro active site, we strongly believe that these
approaches might be an interesting alternative. Thus, our work provides
more insight into residues that could be targeted in these methodologies
and a solid foundation for the design and development of new
SARS-CoV-2 M-pro dimerization inhibitors. Moreover, given that most
of coldspots are conserved in different CoVs, it might be an effective
strategy for combating other viruses with a potential pan-CoV activity.
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